Introduction
Vascular endothelial growth factor (VEGF) is an essential regulator of vasculogenesis and haematopoiesis during embryonic development (Fong et al., 1995; Shalaby et al., 1995; Ferrara, 1996; Damert et al., 2002; Risau, 1997) . In adulthood, it drives angiogenesis in pregnancy and wound healing, as well as in pathological conditions including cancer, rheumatoid arthritis, ocular neovascular disorders and cardiovascular disease (Folkman, 1995; Isner and Losordo, 1999; Zachary et al., 2000) . VEGF promotes vascular permeability (Keck et al., 1989) , and stimulates endothelial cell migration, proliferation and survival of newly formed blood vessels (Neufeld et al., 1999; Zachary and Gliki, 2001; Claesson-Welsh, 2003) . The effects of VEGF are transduced through two tyrosine kinase receptors, VEGFR1 (or fms-like tyrosine kinase receptor (Flt1)) (de Vries et al., 1992) and VEGFR2 (or kinase insert domain-containing receptor (KDR); Flk1 in mice) (Quinn et al., 1993) . A third tyrosine kinase receptor, VEGFR3, does not bind VEGF, but instead binds VEGF-C and VEGF-D (Joukov et al., 1996; Orlandini et al., 1996) . In addition, the effects of VEGF through VEGFRs may be modulated by neuropilin-1 (NRP1) and neuropilin-2 (NRP2), which act as coreceptors to the VEGFRs (Tammela et al., 2005) . In addition to binding class 3 semaphorins, NRPs also bind the VEGF family ligands VEGF (NRP1/2), VEGF-B (NRP1), VEGF-C (NRP2) and placenta growth factor (PlGF; NRP1/2). NRP1 enhances VEGFR2 signalling and forms complexes with VEGFR1, and NRP2 is often coexpressed with VEGFR3 (Tammela et al., 2005) .
VEGFR1 is likely constitutively inactive in endothelial cells (Gille et al., 2000) , suggesting that VEGFR2 is the primary transducer of VEGF signalling during physiological angiogenesis (Waltenberger et al., 1994) . In tumours, however, angiogenesis appears to be dependent on both VEGFR2 (Millauer et al., 1996) and VEGFR1 (Itokawa et al., 2002; Luttun et al., 2002) , and tumour-associated angiogenesis is more potently inhibited by blocking both receptors rather than interrupting either alone (Lu et al., 2001) . Owing to the role of VEGF in tumour angiogenesis, several approaches have been developed to interrupt its signalling. These include neutralizing antibodies to VEGF (Manley et al., 2004) and its receptors (Lu et al., 2001) , soluble receptors to sequester VEGF (Holash et al., 2002) , ribozymes to degrade transcripts of VEGF (Ke et al., 1998; Manley et al., 2004) and its receptors (Parry et al., 1999) , compounds to decrease VEGF and receptor expression (Broggini et al., 2003) , and small molecular kinase inhibitors (Manley et al., 2004) .
As VEGF is a key mediator of tumour angiogenesis, most studies of VEGF and its receptors have primarily focused on endothelial expression of VEGFR1 and VEGFR2. However, growing evidence suggests that malignant cells also express VEGF receptors, and are likely responsive to VEGF signalling Broggini et al., 2003; Narendran et al., 2003) . In leukaemia and malignant myeloma cells, VEGF autocrine loops likely aid in growth and survival (Dias et al., 2000 (Dias et al., , 2002 Podar et al., 2001 Podar et al., , 2004 . Similarly, some solid tumours may express both VEGF and its receptors, and their growth and survival may be partially regulated by VEGF autocrine signalling (Bates et al., 2003; Wey et al., 2004) . Recently, evidence has been presented for VEGF autocrine signalling through VEGFR1 in colon cancer (Bates et al., 2003) . Bates et al. discovered that the colon cancer cell line LIM 1863 upregulates VEGF and VEGFR1 as cells progress to an invasive phenotype. Treatment with a monoclonal antibody against VEGFR1 led to diminished cell survival via an increase in apoptosis (Bates et al., 2003) . Interestingly, VEGFR1 expression has been shown to be increased in cells transfected with PAX3-FKHR, a translocation characteristic of alveolar rhabdomyosarcoma (ARMS) (Barber et al., 2002) .
Rhabdomyosarcoma (RMS) is the most common paediatric soft-tissue sarcoma, with an annual incidence of four to seven cases per million children under 16 years of age (Young et al., 1986) . RMS is part of the larger family of 'small round blue cell tumours' of childhood, and histologically resembles rhabdomyoblasts, the precursors of striated muscle (Merlino and Helman, 1999) . There are two main subtypes of RMS, embryonal (ERMS) and alveolar (ARMS). ERMS tumours can be characterized by a loss of heterozygosity at 11p15.5 (Koufos et al., 1985) , associated with a loss of maternal chromosomal material and duplication of paternal chromosomal material (Merlino and Helman, 1999) . The majority of ARMS tumours have characteristic chromosomal rearrangements that translocate the PAX3 gene at 2q35 to FKHR at 13q14 (t(2;13)(q35;q14)) (Barr et al., 1993) , or less frequently contain a t(1;13)(p36;q14) translocation that fuses PAX7 to FKHR (Davis et al., 1994) . RMS tumours are known to express many autocrine signalling pathways, including insulin-like growth factor-II (IGF-II) (El-Badry et al., 1990; De Giovanni et al., 1995) , basic fibroblast growth factor (bFGF) (Schweigerer et al., 1987; De Giovanni et al., 1995) , epidermal growth factor (EGF) (De Giovanni et al., 1995) , transforming growth factorb (TGF-b) (De Giovanni et al., 1995) and myostatin (Ricaud et al., 2003) . By blocking these pathways, RMS cells exhibit growth inhibition and occasionally are induced to differentiate (Schweigerer et al., 1987; ElBadry et al., 1990; De Giovanni et al., 1995; Ricaud et al., 2003) .
In the present study, we report the first evidence of VEGF receptors in RMS. We found that VEGFR1 is expressed more frequently than VEGFR2 and VEGFR3. We also present evidence that RMS cell lines produce VEGF, and that application of exogenous VEGF further increases cell growth. Treatment with a blocking antibody for VEGFR1 inhibits VEGF signalling and slows RMS proliferation. All-trans-retinoic acid (AtRA), previously shown to slow RMS growth (Crouch and Helman, 1991) , decreases VEGF secretion from RMS cells. Furthermore, we show that this slowed growth of RMS cells upon AtRA treatment can be rescued by supplementing cells with VEGF. These data suggest that RMS cell growth is dependent on autocrine signalling, which includes VEGF. By interrupting these pathways, with VEGFR1 blocking antibodies and AtRA, RMS cell growth is reduced. Thus, the VEGF autocrine signalling pathway may represent novel therapeutic target for the treatment of RMS.
Results

RMS cell lines express VEGF, VEGFR and NRP mRNAs
RT-PCR analysis revealed that VEGF family receptor mRNAs are expressed in RMS cell lines. VEGFR1 mRNA could be detected in four of the six RMS lines assayed (RH4, RH6, RH18 and RD). RH28 and RH30 were the only lines in which VEGFR1 mRNA could not be detected (Figure 1a ). This primer set amplified a region corresponding to VEGFR1 exons 6-8, a region that encodes the extracellular region of the VEGFR1 protein. By using a second primer set, which amplified a region corresponding to the transmembrane region of the protein, we confirmed that VEGFR1 mRNA is present in four of the six RMS lines (data not shown). In addition, expression of VEGFR2 mRNA was detected in RH28 cells (Figure 1b) , and VEGFR3 mRNA was detected in RH4 and RH18 cell lines (Figure 1c) . Additional RT-PCR reactions, using different primers and an increased number of cycles, confirmed that VEGFR2 was expressed only in RH28 cells (data not shown). The RMS cells lines also expressed mRNAs corresponding to the non-tyrosine kinase VEGF coreceptors, NRPs. NRP1 mRNA was expressed in four RMS lines (RH4, RH6, RH18 and RH30), and NRP2 mRNA was detected in all lines except for RH18 (Figure 1c) .
VEGF mRNA was expressed in all six RMS cell lines (Figure 1d ). Using a previously published primer set (Suzuki et al., 1996) , VEGF 121 , VEGF 145 and VEGF 165 mRNAs were clearly expressed ( Figure 1d, upper panel) . Additionally, we designed primers to amplify transcripts containing exons 6A and 7, which in theory are specific to VEGF 183 , VEGF 189 and VEGF 206 . Upon amplification, only expressions of VEGF 183 and VEGF 189 mRNAs were seen. A similar transcript expression pattern was seen in all six RMS lines (Figure 1d 
RMS cell lines secrete VEGF protein
All six RMS cell lines were analysed by ELISA for the production of VEGF 165 (Figure 1f) (Podar et al., 2001; Selvaraj et al., 2003) . As shown in Figure 2 , ERK-1/2 was not activated in HeLa, RH4 or RH30 cells in serum-free conditions, and all cell lines were positive for phospho-ERK-1/2 when stimulated with 10% FBS.
More importantly, RH4 cells demonstrated ERK-1/2 activation in response to VEGF 165 stimulation, whereas the proteins remained unphosphorylated in VEGFR1- Figure 2 VEGF induces ERK-1/2 phosphorylation in VEGFR1-expressing cells. After reaching 70% confluence, cells were serum starved and repeatedly washed over a 24 h period. Cells remained untreated or treated with either 10% FBS or VEGF (200 ng/ml) for 3 min. Where indicated, cells were preincubated with goat polyclonal anti-VEGFR1 blocking antibody (Ab; 20 mg/ml) for 1 h prior to VEGF treatment. Cells were immediately lysed and 50 mg of protein was subjected to SDS-PAGE (12.5%). ERK-1 and ERK-2 activities were analysed by Western blot using a rabbit polyclonal anti-phospho-MAPK (Thr202/Tyr204) antibody. To account for loading differences, a monoclonal anti-vinculin antibody was also used. Densitometric analysis was performed to determine differences in phospho-ERK-2 levels relative to vinculin between treatments in RH4 cells. Values are expressed relative to VEGF-treated cells (100%) negative HeLa and RH30 cells. Moreover, VEGFinduced ERK-1/2 phosphorylation was decreased by 36% when RH4 cells were preincubated with a blocking antibody for VEGFR1. This assay demonstrates that VEGFR1 is activated upon VEGF 165 stimulation, and that this activation can be inhibited with the addition of a blocking antibody for the receptor. Vinculin was used to normalize the bands instead of total ERK, because membranes were developed by AP staining. With this method, membranes cannot be stripped and reprobed. As a result, measurement of total ERK would have required separate lanes and would not have reflected loading differences of the phospho-ERK lanes.
Addition of VEGF 165 increases RMS proliferation
Addition of exogenous VEGF 165 to RMS cell lines increased the proliferation of VEGFR1-positive lines (RH4, RH18 and RD) and promoted the survival of VEGFR2-positive RH28 cells, in a dose-dependent manner, as determined by counting total cells by Coulter Counter at treatment days 0 and 4 ( Figure 3a ). RH4, RH18 and RD cell numbers increased with VEGF 165 treatment from day 0 to 4. In contrast, the RH28 cells had decreased in number by day 4; however, this decrease was mitigated by VEGF 165 . At the highest doses of VEGF 165 , cell numbers of all four RMS lines were significantly greater than those of nontreated cells (RH4: 205%, Po0.001; RH18: 82%, Po0.001; RH28: 131%, Po0.001; RD: 56%, Po0.01). This increase in growth could be blocked by the application of a blocking antibody for VEGFR1, as determined by Alamar Blue assay (Figure 3b and c). A 20 mg portion of anti-VEGFR1 antibody prevented the proliferation of VEGF 165 -stimulated RH4 cells by up to 97% (Po0.01).
VEGFR1 antibody treatment of RH4 cells decreases proliferation
As RH4 cells were shown to produce a large amount of VEGF 165 compared to the other RMS cell lines, we hypothesized that ablation of autocrine VEGF binding to VEGFR1 may inhibit cell growth. Inhibition of autocrine VEGF signalling was assayed by treating RH4 cells with various doses of VEGFR1 blocking antibody, waiting 4 days, followed by counting cells by Coulter Counter (Figure 4 ). At the lowest doses of the antibody, compared to nontreated cells, RH4 growth increased by up to 17% (Po0.05). At higher antibody concentrations, however, RH4 growth decreased by up to 23% (Po0.01).
AtRA decreases VEGF 165 production by RH4 cells
Retinoic acid has been previously shown to reduce VEGF production by various tumour types (Weninger et al., 1998; Kini et al., 2001 ) and slow RMS growth (Crouch and Helman, 1991; Brodowicz et al., 1999) . We hypothesized, therefore, that VEGF production by RMS cells may be decreased with treatment by 5 mM AtRA, a dose that has previously been shown to arrest RMS cell growth (Crouch and Helman, 1991 at day 2, and at day 6, the percent rescue was 74% (Po0.001).
Discussion
Initially, research on VEGF signalling focused almost exclusively on its mitogenic and survival functions towards endothelial cells. More recently, however, mounting evidence suggests that malignant cells within certain tumour types also express VEGF receptors and respond to VEGF signalling Broggini et al., 2003; Narendran et al., 2003) . Both VEGFR1 and VEGFR2 have been detected in leukaemia and malignant myeloma, and their growth and survival are decreased by inhibiting autocrine VEGF signalling (Dias et al., 2000 (Dias et al., , 2002 Podar et al., 2001 Podar et al., , 2004 . Tumour cell expression of VEGF receptors has also been seen in some solid tumours (Bates et al., 2003; Wey et al., 2004) , and recent reports suggest that autocrine VEGF signalling may also influence solid tumour growth and survival. For example, our laboratory has recently shown that VEGFR1 signalling participates in hypoxiamediated drug resistance in neuroblastoma (Das et al., in press ).
Using the VEGF-and VEGFR1-expressing colon cancer cell line LIM 1863, Bates et al. (2003) treated cells with a neutralizing antibody against VEGFR1 that led to widespread apoptosis. This result was supported by a report by Fan et al. (2005) , who demonstrated that the activation of VEGFR1 by VEGF or VEGF-B enhances colorectal cancer cell invasion. Interestingly, the VEGF-sequestering agent Avastint (Genentech) has been very successful at treating colorectal cancer (Brower, 2003; Kabbinavar et al., 2003; Willett et al., 2004) , and perhaps this high degree of efficacy results partially from interfering with autocrine VEGF signalling (Mercurio et al., 2004) . This suggests that anti-VEGF therapy may be successful at treating other cancers in which the tumour cells express VEGF receptors.
RMS might be such a tumour that responds well to anti-VEGF therapy. RMS xenografts were used in the earliest published mouse studies demonstrating the effectiveness of both Avastint (Kim et al., 1993; Borgstrom et al., 1996) and the more recent angiogenesis blocker VEGF Trap (Regeneron; Holash et al., 2002) . Furthermore, a recent report hinted that RMS might express VEGF receptors. Barber et al. (2002) found that P19, HeLa and NIH3T3 cells transfected with PAX3-FKHR had induced expression of several genes, including VEGFR1. As PAX3-FKHR is the characteristic translocation of ARMS, we reasoned that RMS tumours may be supported by autocrine VEGF signalling. To address this, we characterized six RMS cell lines (four PAX3-FKHR-positive ARMS lines and two ERMS lines) by RT-PCR and ELISA and we have demonstrated that all six cell lines express VEGF. This result is perhaps not surprising based on previous reports demonstrating that angiogenesis is promoted in RMS xenografts in mice via VEGF (Kim et al., 1993; Borgstrom et al., 1996) . Our study, however, also shows that all six RMS lines studied express one or more receptors for VEGF (VEGFRs and/or NRPs). To the best of our knowledge, this is the first time that tumour cell expression of VEGF receptors has been seen in RMS.
Figure 4 VEGFR1 blockade induces changes in RH4 growth. RH4 cells were seeded in 24-well plates and allowed to recover. Fresh DMEM containing 2% FBS was added and cells were either left untreated or incubated in the presence of increasing concentrations of anti-VEGFR1 polyclonal antibody (1, 2, 5, 10, 20 and 40 mg/ml). After 4 days, cells were trypsinized and counted by Coulter counter. At low doses of the VEGFR1 blocking antibody, cell numbers were higher than the control, whereas at high doses, cell numbers were lower than untreated cells. Data shown are the mean7s.d. of experiments performed in triplicate, and results are representative of three independent experiments. Asterisks indicate statistically significant differences between treatment groups (*Po0.05; **Po0.01) VEGFR1 mRNA was detected in only two of four ARMS lines (RH4 and RH18), and this was confirmed by Western blot. It had been expected that all four PAX3-FKHR-positive lines would express VEGFR1 mRNA, as the fusion protein has been shown to increase VEGFR1 expression (Barber et al., 2002) . As cultured cell lines have an increased rate of genetic instability, the absence of VEGFR1 mRNA expression in RH28 and RH30 cell lines may simply be the result of deletion of genetic loci encompassing the VEGFR1 gene. It is possible, however, that these two cell lines may represent a distinct subset of ARMS (PAX3-FKHR þ , VEGFR1À). Whether such an RMS subclassification exists in primary tumours, and its potential value in clinical stratification, remains to be explored. Using a larger sample size, including both RMS cell lines and primary tumour samples, we are currently examining this question. Notably, VEGFR1 was also detected in both ERMS lines (RH6 and RD). As VEGFR1 is also a target of PAX3 (Barber et al., 2002) , upregulation of PAX3 in ERMS lines (previously noted in RD cells; Barr et al., 1999) may lead to an increase in VEGFR1 expression, which would help to explain its expression in the ERMS cell lines.
Interestingly, other VEGF receptors were detected in the RMS lines. All cells that expressed VEGFR1 also expressed either NRP1 or NRP2, and VEGFR3 was coexpressed with NRP2 in RH4 cells. Coexpression of NRPs and VEGFRs has been previously reported in endothelial cells (Karkkainen et al., 2001 ) and neuroblastoma cell lines (Beierle et al., 2003 (Beierle et al., , 2004 Das et al., in press ). The detection of both NRPs and VEGFRs in RMS cell lines suggests that VEGFR expression in this tumour type likely has clinical relevance and is not merely a tissue culture artefact.
As the majority of RMS cell lines expressed VEGFRs, we assessed the responsiveness of these lines to exogenous VEGF 165 . Stimulating RH4 cells with VEGF 165 induced ERK-1/2 phosphorylation, which could be decreased by 36% when cells were preincubated with a blocking antibody for VEGFR1. This demonstrates that VEGFR1 in RH4 cells (and possibly other RMS lines) is activated in response to addition of VEGF 165 . However, the antibody was unable to completely abolish VEGF-induced ERK activation. In contrast, Selvaraj et al. (2003) , using the same antibody (albeit in a different cell system (monocytes)), demonstrated that ERK activation following stimulation of cells with PlGF could be reduced by approximately 75% with VEGFR1 blockade. We used 20 mg of antibody to block signalling from 200 ng of exogenously added VEGF 165 , while Selvaraj et al. used only 5 mg of antibody to block 250 ng of PlGF from binding to VEGFR1. This suggests that while VEGFR1 is likely the primary VEGF signalling molecule in RH4 cells, treatment with the blocking antibody is only partially effective. Perhaps the antibody may not block VEGF binding as effectively as it blocks PlGF. This is possible, as the effectiveness of this antibody was validated, in terms of its ability to inhibit VEGFR1 signalling, using PlGF, not VEGF.
The presence of NRPs may also help to explain the low rate of inhibition with blocking antibody treatment. NRP1 and NRP2 have been shown to bind to both VEGF and VEGFR1 (Fuh et al., 2000) . We demonstrated that RH4 cells express both NRP1 and NRP2, so it is possible that the antibody may fail to disrupt VEGFR1-ligand binding when in complex with NRPs. This may explain why the ERK phosphorylation was only inhibited by 36% with pretreatment with VEGFR1 blocking antibody. Furthermore, we showed that both RH4 and RH30 cells express NRP1 and NRP2; however, upon VEGF stimulation, only RH4 cells exhibited ERK phosphorylation. Thus, it is not likely that the NRPs independently contribute to ERK phosphorylation in RMS, which is not expected since they have short intracellular domains that are unlikely to transduce signals (Neufeld et al., 2002) . This was confirmed in a separate but related experiment. We treated RH4 cells with a VEGFR tyrosine kinase inhibitor (5 mM; Calbiochem, San Diego, CA, USA), which resulted in an 82% reduction in ERK-2 phosphorylation following VEGF stimulation (data not shown). This suggests that VEGFR1 is likely the receptor transducing the VEGF signal in RH4 cells.
By treating RH4 cells with a VEGFR1 blocking polyclonal antibody in the absence of additional growth factors, cell proliferation was reduced compared to the nontreated control. This suggests that autocrine VEGF signalling in RMS can be inhibited by blocking VEGFR1. At the highest doses, VEGFR1 blocking antibody inhibited growth of RH4 cells. As no exogenous growth factors were added, the blockage of VEGFR1 appears to have decreased autocrine signalling through the receptor. It is possible that RH4-produced PlGF also acts as an autocrine factor through VEGFR1, although this was not examined in our study. Thus, presumably signalling by both VEGF and PlGF is decreased by blocking VEGFR1 (Lyden et al., 2001) .
Interestingly, low doses of the VEGFR1 blocking antibody appear to provide RH4 cells with a proliferative advantage, as the addition of 1 or 2 mg of antibody yields higher cell numbers than nontreated cells. While this effect appears to be counterintuitive, the biological nature of VEGFR1 may provide some insight. Aside from the membrane-spanning version of VEGFR1, alternative splicing yields soluble VEGFR1 (sVEGFR1). This soluble form competes with membrane-bound VEGFR1 for both VEGF and PlGF, and it has been suggested that the soluble receptor may act as a sink for excess ligand (Kendall and Thomas, 1993; Kendall et al., 1996) . Perhaps, in a manner similar to what has been suggested for soluble Her2 receptor (Kita et al., 1996) , VEGFR1 at the cell surface may have limited accessibility of epitopes compared to its free molecule in solution. As a result, the VEGFR1 blocking antibody may preferentially bind to sVEGFR1, and at low antibody doses, antibody binding to sVEGFR1 may cause displacement of ligand. If so, low antibody doses may cause additional VEGF to be available to bind to membrane-spanning VEGFR1, resulting in higher cell numbers versus nontreated cells. When present in excess, antibody would likely bind both forms of VEGFR1 resulting in decreased signalling through the receptor. Alternatively, sVEGFR1 may bind to membrane-spanning receptors and act in a dominant negative fashion (Kendall et al., 1996) ; therefore, low doses of the antibody may disrupt this interaction thereby relieving this intrinsic repression of VEGFR1 signalling. These results raise a troubling issue. If receptor blocking antibodies are used as therapeutics, it is possible that inadequate doses may be fostering tumour growth rather than inhibiting it. We are currently working to elucidate this paradoxical effect and attempting to determine if blocking antibodies are effective agents in RMS treatment.
Previously, reports have demonstrated that, likely via decreases in AP1 activity (Diaz et al., 2000) , retinoid treatment of various tumour types results in decreases in VEGF production (Weninger et al., 1998; Kini et al., 2001) . Thus, we treated RH4 cells with AtRA to look for similar effects and to further investigate autocrine signalling in RMS. Using an ELISA, we demonstrated that AtRA treatment of RH4 cells decreased VEGF 165 secretion by approximately half of baseline levels. We reasoned that the decline in growth and increase in apoptosis of RMS cells treated with AtRA may be a result of a reduction in VEGF secretion. To verify this, we supplemented AtRA proliferation-inhibited RH4 cells with exogenous VEGF 165 to see if growth could be rescued. It should be noted that we used 5 mM AtRA to induce growth arrest in RH4 cells, a dose that may not be physiologically attainable. However, as cell lines inherently have resistance to pharmacologic doses of therapeutic agents, this dose was deemed appropriate for our studies. Moreover, this dose has been previously established as one that effectively inhibits RMS growth in vitro (Crouch and Helman, 1991; Brodowicz et al., 1999) .
Previous experiments demonstrated that treatment with AtRA resulted in significantly decreased growth versus ethanol-treated control cells (Crouch and Helman, 1991; Brodowicz et al., 1999) . We confirmed this finding in our experiment. However, upon addition of VEGF 165 , cells demonstrated significantly increased growth compared to cells treated solely with AtRA. To our knowledge, this experiment represents the first evidence that the growth of AtRA-treated RMS cells can be rescued upon the addition of exogenous growth factor.
This rescue experiment highlights two important points. First, the results further support our claim that RMS cell lines are responsive to changes in the VEGF signalling pathway. By reducing the amount of VEGF normally produced, cellular responses to exogenously added VEGF 165 become very evident. Second, this demonstrates a potential mechanism by which AtRA inhibits RMS cell growth. Likely, the reduction of proliferative and antiapoptotic factors, such as autocrine VEGF signalling, results in decreased RMS growth and increased apoptosis. When an autocrine factor, like VEGF, is returned to the system, the growth of the RMS cells is rescued. This phenomenon is clearly demonstrable in serum-free conditions where there is an absence of growth-promoting factors.
While our data show that the growth of AtRA-treated RMS cells is rescued with supplementation with VEGF, this rescue is not complete. This suggests that in addition to VEGF, other prominent RMS autocrine signalling pathways, such as IGF-II, bFGF, EGF and TGF-b, may be inhibited by AtRA. In an early report of retinoid use in RMS, Crouch and Helman (1991) used AtRA to inhibit the growth of RD cells, which are known to produce IGF-II at a high rate (Zhang et al., 1998) and express IGF-I-R (Kalebic et al., 1994) . They reasoned that the decrease in RD proliferation may be due to decreases in IGF-II signalling; however, no growth rescue was seen in cells treated with AtRA and IGF-II compared to those treated solely with AtRA (Crouch and Helman, 1991) . Recently, however, it was shown that retinoic acid decreases protein levels and phosphorylation of insulin receptor substrate-1, a key adapter molecule for IGF-I-R, which serves as a docking module for several SH2 domain-containing proteins (del Rincon et al., 2003) . This may help to explain why Crouch and Helman did not observe any restoration in growth with IGF-II treatment, as RA interference of the IGF-II pathway likely occurs not at the level of the ligand, but downstream of IGF-I-R. This suggests that AtRA may inhibit multiple autocrine signalling pathways in RMS, such as IGF-II and VEGF, and may be an appropriate treatment when used alone or in combination with other therapies.
In summary, our experiments have shown that multiple RMS cell lines express both VEGF and receptors, suggesting a possible autocrine loop. To verify this, we showed that RMS cells are responsive to VEGF, and signals are likely transduced via VEGFR1. By blocking VEGFR1, we were able to reduce RMS cell numbers, suggesting that we inhibited an autocrine VEGF signalling pathway. Furthermore, we reduced VEGF production through AtRA treatment and saw a reduction in RMS growth. This was likely due to decreases in autocrine signalling, and as a result of reintroduction of VEGF, the cells showed rescued growth. Thus, our results demonstrate a novel autocrine signalling pathway in RMS and suggest that the VEGF pathway may be an appropriate target for the treatment of RMS.
Materials and methods
Cell lines and culture conditions
The human ARMS lines RH4, RH18, RH28 and RH30, and the human ERMS line RH6 were provided by Dr Tom Look. RD (human ERMS), SK-N-BE(2) (human neuroblastoma), HeLa (human cervical adenocarcinoma) and HUVECs (human umbilical vein endothelial cells) were obtained from American Type Culture Collection. The pre-B acute lymphoblastic leukaemia cell line A1 was a gift from Dr Melvin Freedman (Hospital for Sick Children, Toronto, ON, Canada). HeLa cells were used as negative controls for expression of VEGFR1 (Wakiya et al., 1996) and VEGFR2. HUVECs were used as positive controls for expression of VEGFR3, NRP1 and NRP2 (Beierle et al., 2004) . A1 (Narendran et al., 2003) and SK-N-BE(2) (Langer et al., 2000) cells were used as positive controls for VEGFR1 expression. All RMS cell lines, SK-N-BE(2) and HeLa cells were grown in Dulbecco's modified Eagle's medium (DMEM; Wisent Inc., Montre´al, QC, Canada) supplemented with 10% FBS (Sigma, St Louis, MO, USA) and 1% penicillin-streptomycin (Invitrogen, Burlington, ON, Canada). A1 cells were grown in suspension in 10 ml OPTI-MEM I (Invitrogen, Burlington, ON, Canada) supplemented with 5% FBS and 1% penicillin-streptomycin. Cells were kept at 371C in a humidified atmosphere containing 5% carbon dioxide with free gas exchange.
Reagents and treatments
Recombinant human VEGF 165 (rhVEGF 165 ), VEGFR1 blocking antibody (goat polyclonal anti-VEGFR1) and nonspecific goat IgG (R&D Systems, Minneapolis, MN, USA) were reconstituted according to the manufacturer's recommendations. Briefly, rhVEGF 165 was reconstituted with PBS supplemented with 0.1% human serum albumin (Bayer, Toronto, ON, Canada), which yielded a 10 mg/ml stock solution. VEGFR1 blocking antibody and nonspecific goat IgG were both reconstituted in PBS, producing 1 mg/ml stock solutions. AtRA (Sigma Chemical, St Louis, MO, USA) was resuspended in 95% filter-sterilized ethanol at a stock concentration of 5 mM.
RT-PCR analysis
RMS cell lines were grown as monolayers in Falcon 10 cm dishes (Becton Dickinson, Franklin Lakes, NJ, USA). At 80% confluence, total RNA was isolated using Trizol (Invitrogen, Burlington, ON, Canada), according to the manufacturer's protocol. Bone marrow-derived stromal cell RNA (positive control during the amplification of VEGFR2) was a gift from Dr Aru Narendran (Alberta Children's Hospital, Calgary, AB, Canada). RNA samples (250 ng) were incubated at room temperature for 10 min prior to being placed in a 96-well GeneAmp PCR System 9700 (Applied Biosystems, Foster City, CA, USA) at which point RNA was reverse transcribed Table 1 for cycling conditions and primer sequences). Primers for VEGF set #1 (Suzuki et al., 1996) , VEGFR2 (Ziegler et al., 1999) , VEGFR3, NRP1 and NRP2 (Beierle et al., 2004) have been previously published. All PCR reactions were preceded by a 10 min hot start at 951C, and were followed by a 10 min final extension step at 721C. A 5 ml portion of reaction products (15 ml for VEGF) was run on agarose gels (4% for VEGF; 1% for all others) and visualized using ethidium bromide staining.
Western blot analysis
For ERK-1/2, cells (cultured in six-well plates) were washed twice with cold PBS and lysed with 200 ml of cold lysis buffer (50 mM Tris/HCl (pH 7.4), 5 mM EDTA (pH 7.4), 150 mM NaCl, 1% Triton X-100) containing complete, Mini protease inhibitor cocktail tablets (Roche, Penzberg, Germany). Lysates were placed on ice for 30 min and clarified by microcentrifugation (14 000 r.p.m., 10 min, 41C). A 12.5% SDS-PAGE gel was used to separate 50 mg/sample of protein, followed by transfer onto nitrocellulose membranes. Vinculin and phosphorylated forms of ERK-1/2 were detected by immunoblotting using a mouse monoclonal anti-vinculin (Upstate, Charlottesville, VA, USA), rabbit polyclonal antiphospho-p44/42 MAP kinase (Cell Signaling Technology, Beverly, MA, USA) and appropriate alkaline phosphataseconjugated secondary antibodies (Jackson ImmunoResearch Laboratories, West Grove, PA, USA). An alkaline phosphatase staining solution (1 M Tris/HCl (pH 9.5), 1 M NaCl, 50 mM MgCl 2 ) containing 5-bromo-4-chloro-3-indolyl phosphate and nitro blue tetrazolium (Pierce Biotechnology, Rockford, IL, USA) was used to visualize the protein. Band intensity of immunoblots was quantified using a FluorChem 8000 Imaging System and FluorChem 2.00 software (Alpha Innotech Corporation, San Leandro, CA, USA) and normalized to intensities of corresponding vinculin bands. For VEGFR1, cells (cultured in 10 cm dishes) were washed twice with cold PBS and homogenized with 500 ml of cold lysis buffer (10 mM Tris/HCl (pH 7.4), 2 mM EDTA (pH 7.4), 250 mM sucrose) containing complete, Mini protease inhibitor cocktail tablets (Roche, Penzberg, Germany) using delicate syringing with a 29 gauge needle. Lysates were centrifuged at 41C and 900 g for 10 min, and supernatants were then collected and ultracentrifuged at 41C and 32 000 r.p.m. for 80 min. Pellets were collected and dissolved in 100 ml of solubilization buffer (10 mM Tris/HCl (pH 7.4), 2 mM ETDA, 0.5% Triton X-100, 0.5% sodium deoxycholate) containing complete, Mini protease inhibitor cocktail tablets (Roche, Penzberg, Germany). An 8% SDS-PAGE gel was used to separate 150 mg/sample of protein, followed by transfer onto nitrocellulose membranes. VEGFR1 and b-actin were detected by immunoblotting using a mouse monoclonal anti-VEGFR1 (Chemicon, Temecula, CA, USA) or mouse monoclonal antib-actin (Sigma-Aldrich, Oakville, ON, USA) and a horseradish peroxidase-conjugated rabbit anti-mouse secondary antibody (Pierce Biotechnology, Rockford, IL, USA). Membranes were developed using the ECL chemiluminescence system (Amersham, Piscataway, NJ, USA). Ponceau staining of membranes was performed to confirm equal loading of protein.
ELISA analysis
To assay VEGF 165 secretion, cells were seeded in 24-well plates with DMEM containing 10% FBS. After 24 h, medium was replaced by DMEM supplemented with 2% FBS. For measurement of baseline VEGF 165 , supernatants were collected 24 h later. For measurement of VEGF 165 following AtRA treatment (initial seeding density of 7.5 Â 10 5 RH4 cells), medium was supplemented with either ethanol or 5 mM AtRA at the switch to low serum. After 24 h, medium containing treatment conditions was refreshed, and supernatants were collected 48 h later. Secreted VEGF 165 was measured using the Quantikine Human VEGF Immunoassay (R&D Systems, Minneapolis, MN, USA) following the manufacturer's protocol. The optical density of each well was detected by means of a microplate reader detecting absorbance at 450 nm with a wavelength correction of 540 nm. Results were normalized by the number of cells per well, as measured by Coulter Counter (Coulter, Hialeah, FL, USA).
Cell counting
Growth of RH4, RH18, RH28 and RD cells in response to addition of rhVEGF 165 or growth of RH4 cells in response to VEGFR1 blocking antibody was determined by counting total cells with a Coulter Counter (Coulter, Hialeah, FL, USA). To examine growth in response to rhVEGF 165 , RMS cells were seeded in Costar 24-well plates (Corning, Corning, NY, USA) with DMEM containing 10% FBS. The RMS lines required different initial densities (3.4 Â 10 4 RH4, 2.2 Â 10 4 RH18, 9.0 Â 10 4 RH28 and 2.0 Â 10 4 RD) to survive 4 days in serum-free medium and be responsive to exogenous growth factor. After cells had adhered to the wells (24 h), cells were serum starved by adding serum-free medium. A further 24 h later, rhVEGF 165 was added to fresh serum-free medium at various doses. Media and rhVEGF 165 were refreshed 48 h later, and cells were trypsinized and counted after 4 days from the point of initial cytokine addition. To examine growth in response to anti-VEGFR1 blocking antibody, 5.3 Â 10 4 RH4 cells were seeded in 24-well plates with DMEM containing 10% FBS. After 24 h, medium was removed and replaced with 500 ml of DMEM containing 2% FBS, supplemented with VEGFR1 antibody at various doses. Cells were counted after 6 days.
Alamar Blue assay
The Alamar Blue assay was used to determine the cell viability of RH4 cells at different time points under different treatment conditions. To examine growth of RH4 cells over a 6-day period, 3.6 Â 10 4 RH4 cells were seeded in 24-well plates with DMEM containing 10% FBS. After recovering (24 h), cells were serum starved for 24 h. At this point (day 0), serum-free medium was refreshed and treatments (100 ng rhVEGF 165 alone or in combination with 20 mg VEGFR1 blocking antibody) were applied. Medium and treatments were refreshed at days 2 and 4. In a separate experiment, cells were treated with 20 mg nonspecific goat IgG, 100 ng rhVEGF 165 plus goat IgG or rhVEGF 165 plus 20 mg VEGFR1 blocking antibody, and viability was measured at day 4. To determine if VEGF rescues growth of AtRA-treated RH4 cells, 5.0 Â 10 4 cells were seeded in 24-well plates with DMEM containing 10% FBS. Cells were allowed to recover for 24 h, and then 1 ml of DMEM was added to each of the wells. Cells were treated with 5 mM AtRA, 5 mM AtRA plus 200 ng rhVEGF 165 , or nontreatment represented by an equivalent volume of ethanol. Medium and treatment conditions were refreshed 24 h later and every 2 days thereafter for the course of the experiment.
Alamar Blue was added to the wells (rhVEGF 165 addition time course: days 0, 2, 4, 6; rhVEGF 165 addition end point: day 4; AtRA rescue: days 0, 1, 2, 3, 4, 5, 6) at a final concentration of 10%, and after 5 h of incubation, fluorescence (excitation: 540 nm; emission: 590 nm; auto-cutoff: 570 nm) was detected using a microplate reader.
Statistical analysis
Significance between treatment conditions was determined by two-tailed, unpaired Student's t-test. A P-value of 0.05 or less was considered to be statistically significant.
Abbreviations VEGF, vascular endothelial growth factor; rhVEGF 165 , recombinant human vascular endothelial growth factor (165 amino-acid isoform); PlGF, placenta growth factor; VEGFR, vascular endothelial growth factor receptor; flt1, fms-like tyrosine kinase receptor (or VEGFR1); KDR, kinase insert domain-containing receptor (or VEGFR2); NRP, neuropilin; RMS, rhabdomyosarcoma; ARMS, alveolar rhabdomyosarcoma; ERMS, embryonal rhabdomyosarcoma; AtRA, alltrans-retinoic acid; IGF-II, insulin-like growth factor-II; bFGF, basic fibroblast growth factor; EGF, epidermal growth factor; TGF-b, transforming growth factor; ERK, extracellular signal-regulated kinase.
